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CONDUCTING POLYMERS: HALOGEN DOPED PO LYACETYLEN E

C. K. Chiang ,  Y. W. Pa rk and ~~~~ . J. I leeger
Depa r tment  of Ph ~i c s  and

Labo ratory f o r  Ro~~earch on the  St ructu re of Matter

Universi ty of Peni~~y1vania, Philadelphia , PA 19 ) 0 4

and

H. Shirakawa~ , E. J. Louis and Alan G. MacDiarmid
Depa rtment of Chemistry and

Laborato ry for Re~ carcb on the St ructure of Matter
University of Pennsylvania , Philadel phia, PA 19104

ABSTRACT

A study of the electrical conductivity of the halogen doped trans-

• polyacetylenc system , (CH) , is reported. When films of t rans~~
(CH)

~

• are exposed to chlo~~ ne , bromine or  iodine vapor , uptake of ha l ogen

occurs; and the conductivity inc reases markedly, ove r eight o r d e r s  of

magnitude in the case of iodine. The behavior of the halogcnatcd poly-

acetylene is like that of a se r ies  of semiconductors  with activation energ ies

which vary with halogen content .  The heavil y do p ed pol yacct .y l~ ne show s

metallic behavior with the s emiconduc to r -meta l  t r a n s i t i o n  nea r 2-3% dopant

concentrat ion.  The resul ts  a re  d i scussed  in t e rms  of a moth . ~f the dop ing

process based on cha r~ c t rans fe r.

a
Suppo rted by the Of f i ce  of Naval  Research

Pe rmanent  A d d r e s s :  R ’ a  rch Lal~~ r atory  of Resou rces Ut .i l i : . at i on ,
Tok yo I n s t i t u t e  of Technoh’~’v. \oi~ohaina , Japan
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Int roduct ion

Linear polyacety le n e, (CH)
~ , is one of the simplest  conjugated organic

polymers  (Figure 1) and is t h e re f o r e  of special fundamenta l  in te res t .  Frc m

theoretical  and spec t roscopic  s tudies  of short  chain pol ymers , the r i -system
1

• t ransfe r integ ral can be estimated as 2 - 2. 5 eV . Thus the overall

bandwidth would be of o rde r  8-10 eV; W 2 z$, where  z is the number  of

nearest neighbors , $ is the t r ans fe r intc~~ral and W is the bandwidth in the

tight-binding app roximation. The electrons f rom the unsatu rated ~ -systcm

are therefore  delocalized along the pol ymer  chains. However , because of

the combined effects of bond alt e rnation and Coulomb correla t ion , there is

an ene rgy gap in the excitation spectrum leading to s emiconducting behavior.

• As a result of the la rg e overa l l  band width and unsa tu rated  r - s y st e m , (CH)~
• is fundamental ly dif fe rent f rom ei ther  the tradit ional  organic  s emiconductors

made up of weakly in te rac t ing  molecules  (e. g . ,  anth racene , etc. ), or  f rom
R R ’

other satu rated pol ymers  with monomeric units of the fo rm ( ~~~~ )

where the re are no n - e l ec t rons  (e. g. , pol yeth ylene , e tc . ) .  Polyacety lenc

is therefore more nearly analogous to the traditional ino rganic semicon-

ductors; and indeed recent s tudies  have shown that (CU ) can be chemically

dopcd with a variety of donors or acceptors to give n-type or p-type

2.3,4,5,scmiconducto rs .

Ea rl y s t udies  on thi s polymer system concent ra ted  on the effo rt to

produce pu re material. Hatano et al. found the e lec t r ica l  conduct ivi t y 

-— — -- 
--- —~~- ~~~~~~~~~~~~~~~~~~
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2

depended on the c rys ta l l in i ty  with higher crystall ini ty gi ving hi gh er con-
7

ducti vity. Berets and Smith studied the effec t  of oxygen content  on pol y-

c rystal l ine powder and found that oxygen in the pol y a c ct y lene (lid a f f e c t  it~

conductivity ; the lowest oxy~~ n content  y ielded the h ighes t  conduct ivi ty .

Their best samples had oxygen conten t  as low as 0. 7%. Shi ra~ awa et al.
8

pointed out that the room temperatu re conductivity of c ry s t a l l i ne  fi lms of

polyacetylene depended on the cis-trans content varying from 1O~~ ~~ cm
1

for the trans material to IO~~ ç~~ cm~~ f o r  the ci s -i som er .  In view of the

sensitivity of polyacetylenc to impu rities and /o r  defects as demonstrated

by the doping studies , 2 -5  it appears likely that the int rinsic conductivity

of pure polyacetylenc is even lower.

In this paper , we present  a detai led repor t  of ou r  s tudies  of the

effect of halogen doping on the e lec t r i ca l  p rope r t i e s  of pol yacety lene. We

find that the electrical conductivity of halogen doped (CII) can be syste-

matically inc reased by more  than ei gh t orde r s of magnitude. The as soc i a t ed

thermal act ivat ion energy dec reases f rom init ial  va lue s  of about 0 . 3  cV to

nea r zero ( --. 0. 01 eV) . The m a x i m u m  room tempera tu re conduc t iv i t y  fo r

iodine dopant exceeds i O~ c~~ cin~~- . Pre l imina ry account s of por t ions  of

2 , 3, 4
this work have been repo rted earlier. The p re sen t  paper  is a mo re tho roug h

focussed stud y on t h e  halogens as dop ant s in an a t tempt  to deve lop  an under-

standing of the n a t u r e  of the doping  p rocess  in th i s  unu sua l  class of semi-

con duct ir ~~ pol y ine  rs .
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Sample Prepa r a t i on

Pol yacet y lenc c r ys ta l l ine  f i lms  we r e prepa red u s i n g  techni ques 1°

11 ,12
simila r to those dev e l o p e d  b y Shi rakawa in  the p resence  of a Ze ig le r

catalyst. X-ra y diffraction and s cann ing  elec t ron rn i c r~~graph
11’ ~~studies

show that films of any cis and trans composi t ion  are pol yc ry s tal l ine  and
11 , 12

consist  of matted f i b r i l s .  As descr ibed  by Shi rakawa , the measured

densit y is 0. 4 g m / c m3 com pa red wi th  1. 2 g m / c m3 as ob tained by f lotat ion

techniques , indicat ing that  the pol y m e r  f i br i l s  f i l l  onl y abou t one - th i rd of

the fi lm volume. Thi s is show n c lear l y in e lectron mic rog raph s  obta ined
11 ,12

In our labo ra to ry ,  in agreement  wi th  the e a r l i e r  studies .  The
8,11 ,12

cis-trans content was cont rolled by th e rmal isomerization. Samples

used in this stud y were 95-9S~ trans-pol yacetylene as determined from

thei a infra red spcct rum;  typical polymer films were ap p r o x i m atel y 0. 1 m m

in thickness. The studies presented here focus on the t r a n s - ( C l I )  , since

thi s is the s tab le  isome r at room t emp era tu re.

In genera l, upon doping t he  c is  i s om e r  appe~ rs t~) give c on s i s t e n t ly

high e r  c o n d u c~ i v i t  va lues  (of o r de r  two to five times greater) than the

trans i s o m e r  even thouL ;h the  t r a n s  i s o mer  has  a hi gh er  room t e m p e r a t u re

• 
__ 

-
~~ 

— 1 • • —~~ —1conductivity ( -, x 10 ohm cm ) than the cis sonic r ( x 10 - ohm cm ).

Prelitni n a r y  ex p er i m e n t s  su g g e s t  t he  same f ina l  p roduc t  is ob ta ined  f r om

both I sonic  rs when  t h ey  a r c  h e a v i l y doped and t h a t  the  p roducts a r e

pr ohat ’lv  t r~!
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to (C1Ll.
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) after one h o u r  of pumpi n 1~. After thre e hours its composition

was essen t iall y u n c h a n ge d  ~ (CI I I .  ) 1: a t e  r f o u r  d ay s  it  was  (C I I I .
~7e X • 

~~4 7  X

and after nin e days of con ,i f l U O L t  S pu m p ; ~o. a c on s t a n t  c o m po si t i o n  of

(CHI. 
~ ~ 

) was obtained. 
1 3 

The iodine -doped f i l m s  cha ng t -d f r - e n  the i  r

cha racte r is t ic  l u s t r o u s  s i lv e r  c o l a r  to sh iny -b l ack  as the  iod ine  was

removed. The colo r and c o n d u c t i v i t y w o r e  r ov e  r s ibl e  on r e - d op i n g .

The o n — l i n e  c o n d u c t i v i t y measu  rement s as ~vell  as the t e mp o  ratu ro

dependence exper iment s u t i l ir e d  the s tan d a r d  f o u r - p r o b e  t echni que. Due

to chemical a c t i v i t y  of ha lo gen , p la t inu m leads  and Elect  roclag w er e  used

to m ake e l ec t r i ca l  con tact s .  General l y ,  the c ontac ts  we no apn licd  after

doping, in a i r  w i t h  exposure  t ime  k ep t  to a i - m i i n h m n u m  (t yp ica l l y o n e -h a l f

hou r). Flow ever t e s t s  to check s t ab i l i ty  of t h e  sa m p le s  in ~ r a f t e r  dopin o.

showed ins i p n i f i c a ’ mt  changes  ove r  t he  t im e  p e r iods  invo lved ;  e. g .

room temp e r a t u r e  conduct i~’ity of (CII I  ) dcc reased  b y a p p r u x i n n ~te l y

30% on exposure  to a i r  for  24  hon r i .  Ihe  conta ct s w e re  c he c k e d  to  be

ohm ic. In addit ion to E lec t roc l ag ,  gold ev a n o r a t e d  c o n t a c t s  and m e c h a n ic al

(pressed)  con tac t s  have been t ri t-d . The va 2-b U S  c o n t a c t s  yie ld  c c ’n d u c t i v t t  v

data which are consistent and wttho ut sio.nificant diffe notices .

Fig. 2 and 3 l U t i s t  r n t e  t h e  e f f e c t  on the  elect r i c ,t l  c e n d t m c t i v i t v

when t r an s  _ p o l y a c e t v l c n c  i s  doped w i t h  h a l og e n s .  If the  doping  exoc .‘imen’

is car r i ed  out  at a f ixed p r essu  no , the conductivity inc 1-eases  r . t n i t l l y as

show n in I-’i • 2; w b - n  pol y ac  et y l cue is e xps ed to 1 t o r n  of l i t -c  ow lit ’ ‘. a p ar ,

the c o n d u c t i v i t y  i - ~c r e a a e s  by al i r o~:i ;n ’ t e l y a f a c to r  of l~~’ d urin o. the fh st

min u t e .  The ra t e  of ck a n ~~o su b s equ e n t ly  slow ,; w i t h  c~ app  r o a c h i m  ~ a m n - x i n w n a

value .

- •—---~~~~~~.- -
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to ) t ~- ld  a hi ~n- r co n a;.- ; : ’~ I t \  v o l o a  ~ o . O : - t t l i  : ln~ t i ’ ;o ;l i a :e; :e olS ~~~~ in ~

to~:~~ t -  - - ‘oh i t h e  ; ;o t : e~ I~ c _ t n - a  a n t  t o o  :- ,u ’- . . .v  . \ — 1;o: .- ¼.  ab ’ \ 0

t — -— t- I ___, ~i -; 
~ I; a r C 0 ’  - a v i~’ t 01 ~ t O  : e I a 0 0 I 0



- 

~~~~~~~~~~~~~~~~ ~~~~~~
‘ -

- 
‘

I

t i-a z ;_ ( ~~ LI . 1 l t t ; s , l u strous :.il\ -t \ f ; i : o : ;  e t  ~~~ ) 
- P a v e  h. -en  ol~t on.-d- .~ o x

* f ron i  u i s — ( C I P  v~ i t h  t o e; :  t a : ; - ’ i - : n :n- a ct : : ; ;u c t i \ - ; t ; o : -  ~‘U ~) (~~-cxn )~~ -
-\ -

At11’r ~‘ ; i i ;~ a lni t o  :-00 m o n - n  a t  t h e  c. ’m ; : 1) o : - ~ . t : i ;  t C i i I  ) , t h e  s a n;H e

c c l i  \ \a~- s u b s e a uo nt ! ’.- ~o e o n a( :  o ut  ~an1 the s a m ; ’ n i e  k ep t  in v a c u u m ; ;  for t w o

day s .  I~u : ; n . :  t h i : : p - : u ’ o . t he on~:u c t j \ - ~ t v  i . -mo ~~in a d  h i :~l ; ;  dcc  t~i ’ t ~~ i f l~’_ On ly

abou t 3O~~ i-a the t \ V 0 d a y  00 : toi  ; : n ¼ i t ’ :- ~ e 10:0;.

The i-eon;  t ~-n -ao ’ a t o n e  cen ’:c~ i \ j t ’.- a: b r a : ; ; i f l & -  a t :~i ;ou~ :1o

(CII) is ;PL ’\v n i t :  i-’n~u r . ’ 4 as a ñ:ncti ;m: of d ’n~~ :t c o n c e z : t  r ano : :.  In t h i sx -

set-los of z a e~;su r. - : : :em: ts . each  s a :np ie  \\ a s  p r L - n a r e ~I 1:-ate t h e  sa n e’  b a t .  Ii

of st~i r t ; x i ~ m : : a t & -rh ; t , t r.;~~;—t C d M  , a:ni do -a \v~~~i1 v O rj o u s  c 0 1 1 ¼  ~-: ;t r . 0 i O t; ; ;

of d i p i n t .  i P ~- t o e ; :  t . - : op . - r at e  t o  c n : : c : l \  i l \  \\ OS  S u b S e L ~il c l e v :;;.-as ; :  S i 0

in a I r, a :;d ( i t o  .0:: :  no  s i t  eu \V a :; u et c  i-a ;  i t :  a l  l v  Va ‘‘ I o h t  I n c  ¼-at so. it Pee .1

b~’ no t  ~ol t : i _ -
~ ~~ ~h a  e 0 :~.’ of  1- r on-t i n e .  :1 d o n l : n - . is st o : u i .-d in  t h e  l ;~~d; can—

duo t i ~ i t y  i~O _.~ : n i .- (a .  ;~ . , a : e’~
- ~ 0 ;i no :  c ’ s i it  l- ’j . 2). i to  su  b:- cc  .‘nt .; :~ t

of t he h i on :i :. o in  t P a do:- od t I l t  .~ ri ol t o  t lit ’ do;: P lc  l’a n~i occ ~ i-s .  A ad :  ( l o t ;

onl y t5 ~P . -~ p l a c e  :n t h e  n r e s e nc e  of i~~~~~~ es~ l’ ;-on:i:: - . i i i  t h e eat~~o of 100100 ,

no a d . h t i o : x  O c c U r ;  O v e n  in  t h e  n r e s c nc e  of e~~ees~

Teen - - -a ’ i re I~~’-o -‘ 1. -- o 0 0 ; ’  P - a t  1 ( ‘a;’ P ; c t i v P v

The c o i n i : ; .  ~; vj t i o ; .  of  s ;n ;:’l .e ;  of  p ’ i v a.’o : v i . - t i e t I o p a ~i ‘a 101 Vat rn~us

Ce t i c  e r ; t - . ~j ’ t \ s  .‘ 1 t n ~~ 0.’ oud l O O l t l o  \ cO  no t O e ~1 ;~; z ’ .’ . t : -  :u’:ct~ a:: of t en :  -

p ar at u  1 ¼ ’. ‘ i e:- ’ a I t s  at no  s i : ’w - t i : n  P;.- . -1 and ;~ 1:-n ( C : : : ;  ~
. I and (C~
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rc ~pec ( i v  el y .  The t enip e  r a t  u no r~t n t ’ e uv e rod b y t i i t ’  t u e  a ii i i  1.0111 c- t i t

depended on t h e  rt-si,;tanco of t h e  s a t i t 1 d t ;  for the high&- - :t cniud.R-l iv it y

8amp Io , dat a  \ v o r t ’ o i ) ( a i l t e d  i v e r  t i t e  c i i t j  :e r a l u t t e  Irate ~OO V. t o  3 K.

In g ’nc ra l , we  f i n d  t h a t  t h e  c~~t i d t t t - l  i v i t y of l i _ i  I t i g o n  doped Pol y a t  e t  y h - t i o

dcc rca sos ‘a- i t l i  ii OC rea I n g t t ’ l n  po i- at  u re. I l cnv t~vt ~ r, t h e  p lot s  of ri ’ vs. I / T

do not give st rai g h t i  i t ie  h o l i a v i o  r as seen  in  Fig - 5 and  6. P lot i  j u g  ( l ie

data a;; in o v t .  T ~ (or  T ) to rid :; to give nm u-c nea ni y t rat I gh I I i ~i

behavior as sh’,wn in Fi g. 7at , 7b.

The gene ral bel i avi  o r sli : ;w - n ot i  F’i g. 5 and  6 i~; towa id s rn ;t l  ic r

a c t i v a t i o n  one  I l t y  as t h e  du p a t it  t i ;n . t ’ n t  r a t i t ’ t i  i n c  r - ~ts. ’;: . \V t’ ti~~ e the i n i t i a l

slope of the I IT I ) I o t s  to ( l ( ’t e )  m i n e  t h e  appm- t’ x ititatt- tii eniiial ~u-tivation

enc rgy ,  i~~, wh ich so iv e s  a:: a : ; i t i i p l . - i n d e x  of t h e  c o i i dt i t ’t iv - y l i e h t i v i  or .

The r e su l t i n g  a c t i  V a t  011 e f l e  I~~~t 05  a n o  sl i i~v ii in  Fi p i t  no $ i t s  .i Iuiic inn of

conccnt  t a t t i o n  y fti i b a t h  (C 111 t . r  ) it n~i ( C I I I  ) - U i i d a i .-d I iu l y a c t ’t  v i et u -
y
~~ 

y x  -

has an at c l i  ~n i t  P n r io-  ~~ tho  i-a ~~~~~ I ~~~~~~~ 0. :~ 0V (t r.; i i : . )  to 0. ‘. oV (t - j  s) .  
8

llowevcu , l i i i -  t - n t t i pt~- i m : ; ; t t i t i n  ex p e  i - i t t i o n t s  i n d i c a t e  t h a t  t i e ’  c o t i t I t i ~- ( i v i t y  i n
, 4 ct ir e Ufl ( IO 1) . - ( l  i~i i i  ) - t t t i ’  l~ r i - t I :  I t ;; I rotu no j o L l a 1  (Ic f e e l s  .i tid f o r  j t u i ~ ’a r i t i  .- . 
--

Thus  t h e  j u t  r i t t : ; i c  ( C I I )  ; t u t i v i u t i o n  .‘no rp y j ; :  p i o b a bl y t :H t m i j f i t - : t u i t l y  hi gh e r .

On dop i u i ~ w j Il t hi .tl ’pcn , t h e ; u c t i v , i ( i n c t I e r p \ -  (I roji;; l : l ) i d l y l i l e h u i l ; t t  a

v . r l t t c ’  as low a :;  0. Olt - eV at aIi¼itt( ~0 m a l e  ‘
~ i ’ h i n c - . ~ i t i i i I a t  r t - s u h t  -t a t

oh ;t. ;it n-d h o r n  i i t - l ) t ) 1 ; t i 0 d op i n g .  I n  the  I a t t t t ~ t~ c~ i - t ’ . I I  ( l I r )  p i e : ;  t i t  t en t h  at

nil ni n in i i i  v .t  l i t  e o f  0. 0 t i  e \’  , t I I ‘ i i i  ~~ at  - “ i t ic r o :u S i n  at  hi  ~h i i  i t ; :  i l i t ’

c t
~~

i i t c : t f  ‘a- i l l 1  i r i ; ; u I i ( i e ~ j . -h ~t v j , i t -  ~~I - ; t ’ t - v , - t l  l i t  t~~~i~’ f u l l y l u - ; iti ii ~ ; t -il ~am ui 1 - t;;;d .

L
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The rap id ~ f l~ t~~a t l  h-~ t o i ~~~~- i s  I - - t o p s  ~i I  a i - n i - m t  e t t i i ’ t t  v ~~~. 0.~

for  ~i~u t l t  s y s l t ’ta . . At hi ~ p l i t  i ~ i t t ’ - : ;  Ye ~~ (:1 , 1- ~~ - t i e d i  s u i l i ’ t i h V  IL

de pend ent  on t u ’ a  i ’ ’ t t  ~~~t b i t .  P d .  - - n i t  i t t  I - t h 0 ’  o r  at  ~ 0 . tt ~’.

can also in- sc ~~f l in  lii i’ t o o t h  t em p o  i t i n  t i  oi i h i ’  t i ~ i t  v da t a . i’i g. 4 , f o r

both sy stems.

Th ree s amp le:; t i f  l i i i ’ b i b  ~-o~~d~t c t i v i i y  1 ’a l v n t t ’r  ( C l h l ~ ~~~~ 
w e re

Stfldi(’d fi- oni 00 l\ to K . Fi gu t o  ~ -how a th e t eu i ;p e  r - a t u  i t ’

of (CI 110 -, 
) ov r the  fu l l  t o n i pe  t o  no rat ui ~’o. The .i v e u- .i go a c t  1 v at  ~~~ii

cue rgv  ob t a ine d  f r a n i  t i t ~- i n t o i - v a t  ~ t O  K -- 100 K j;~ (L  i~
. 0. O ’) x l0~~ -V .

At low tt’uiiI)t’ r -at  In ye ~ K — hO K) t h e  a v e  t it go  .t e t  iv;; t i t~ tl c ¶ \t r t ’ y i t ’

( I  . 0 0 .‘) \ 10 ~~‘ 0V Fl pu t i- c ’ 1 0 s I t  “a lie- t t ’ t i  ipe i- at  to i i ’ d~- p et e  - t i c 0 of

One of t h e  h ig h Ct ) f l ( I1 ICI \ i t y  ((tIll 1 s~t uui p los p l o t t e d  b i t t ; Vl \ .0’ ¼~ V S .  ‘I ’ .

Altho u gh  I h u t ’ c , i u ; l w t i v i t v  dec rea~~”~ w i t h  dec r e a s u n g  t e n a p e  u~ i t u  no . it

clea n y  is not at aliva t ed . ~~i u l t i l I  r t - e ; - u l t  S w e  t o  ~ b t a t u o t l  - t  r h o  t- f r  ;,autu ”le -~

h c a t v b l y ( lt p( ’l  IV iIlt A ’ 
~~~~ 

. 1 l t i I \ C V t ’ u- . i f  c i  - ( Cl  P I i l u i i s  a no daP e l l  \~ t i l t
x

AsF ’ a t [ t - r tie’ i - l e d  t i c a t i  c~~~u i t t i t :; a l a  .ffl ~t . h t cd (i i  h i t ’ tulni , a -~~t n i f i t  a ut h

hi gho V t~~~~~l~~i I i  i t i p e r at  i t t -  ‘ n i h u ’  l i v  t v t h y a t i  d o  1 i f  ~~ e 1 1 )  l i t  u ‘ ‘ ‘ i

o b ta i n ed  t l a ~t im ~t liter t h e  t t t a ,  1 -  i t  i-c . \ i ’ ~i I t  oil a t t ~~ i tl e ’ i t a p .  i’ u t I b e t  ;1~~O I t ,

as the  I euo~;” t i l t ;  t i  1 - - l~-w e ;~ - i I , t h i t ’  - i n i u t c l i v i t  ~~
- 0 ’ i a  ( i i  ro n 1 ;  .1 l i i~~I \ i t i \ L \ l i~~

a nIiall bu t  d ~t t i i t e  i l ’ - u - - t - ~ , ’ I n  ~- ‘1a,~ u i~~t i v i t y ,  to lL ’;; tel i t \  at t l t ’ . t t ’ a t S t ’, 1 5

ott ;;  o 11 1d  ~~ - I - t • t m ;  t o  i i , 1 t 1’ ~“ - . 
‘ 

- . . 0 ~ at at t i  \ 0 t i ~i t ~~~h y
~~( l K S( ~~ 1 K

.
u
ilt t  Ki . ~ l i t t t ~~;; 0 a n - I i i 1  i ; ; P ~ u t ,~ t h a t  at ; , : t t  n~iu e  t o ;  ;~~;~ t o  I t ’ \\ it hi

A
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a single ac t iva t ion  enc r g y  is  inadec 1us-t c to d e s cr i b e  the hi g h cond uc t iv i t y

regime , con sistent w i t h  the  ea r l i e r  ol ) s er va t i on  of a s e m i c on d u c t o r — m e t ~t l

transition at hig h dop ing  l e v e l s .

Discussion

The sudden change in the concen t r a t i on  dependence of the c o n d u c t i v i t y

and the activation energy n e at -  y = 0 .02  is cons i s ten t  with a s e m i c o n d u c t o r -

to—metal tratms ~tion nea r time 2~ dopatit level , in ag ree m ent wi th  e a r l i e r  f a r

3
infrared and transpo rt s tudies .  The temp e ra tu re d e p e n d e n c e  s t ud i e s

indicate that samp les wi th  y < 0, 02 show an activated concliuc -tivity w i t h  the

activation en e rgy bein g a st rong f u n c t i o n  of dopant  concen t r a t i on .  For

y > 0. 02, the a c t i v a t i o n  exuer~ y is sufficientl y small that into rfi P i i i  c o n ta c t s

in the P01YC rystallinc polyrne r f i lms  may be p lay i n g  a litniti role. In

fact , the value of ~ (300 K) � 10~ (~~- cm) 1 found  ~sr  ( G i l l 0 ~ ~~~ 
is S r e a t t -  r

16 - 19 -

th an t y-pica ii y found f o r  (SN ) X f i lm s ( repo rt &-d ~-a l i m e s  r a n g e  f r i ’ m e

10 ( O— c m Y m  to 60 ( O — c m ) ~~ d e p e n d i n g  up on  s u ;h s t  u-ate -~ou d it  i on - ; 1 , (PN)~

pol yc ry s t a l l i n e  c omp a c t ion s  
19 (a - . 30 ~~~ cm~~ ) .  or  Pol vi’ r y s t u l l i  t ie

compact ions of TTF-TCNQ 2° (~ 15 ~~~ -cn t~~~).

The behavior of the conductivity as a f un c t i o n  of t i - r n -  i- a t u ;  i- i - 511 w n

in l’igu no s 5, 6, 7, and 9 is q u a l i t a t i v e l y si mi Ia r to t 1i~ut t a it ::d fa r 1:1 ins of

(SN) whic re the t -t n p e  r atu  no d i - p e n d e n i - c ha s boon att ni hu t cd to i n tt ’ rpat I t  cL

16- 1°
contact. 

- S tu d  j e t ;  of the  t a m p~- n. ti re cl~ j-n- t ;~~ o n e  ~ of t b ’  cci :d i t c h  v i t  v

16-19
of p0t ye r v’~t a l l i n c’ and o r g a n i c  c o n - 1 ; t e t t ’r s  s u c h  a ’- T T l - ’— T CN ~~ 

-

-~ ~~~~~~~
- 

_
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often show ac t iva t ed  behav io r  even  t h o ug h the s ing le crystal data indicat e

metallic b e h a v i o r .  The iow app a mc i t t  a ct i v ;t  ( ion  enc i-py and lii ~~ room

tempe r atu r t -  c on d u c t i v i t y  of doped  nol ya cct y l one m g ; ~os 1 t h a t  thi may be

the case in the se  syst t - tn : ;  as ~v e l L  St r a ig ht l ine  b e h a v i o r  f o r  p lot ;; of
t/ (d+1) ‘1

LnO vs. T is often taken as i ii~1ica ti vo of ~- .t r iah ie  rat nge hopp i ng ~

in t h r e e  d i m e n s i o n s  (d 3) o r  o n e - d i m e n s i o n  (d 1) .  A l t hough  the

tempe r a tur e  dep endenc e is a p p r o x i m a t e l y of t h i s  fo rm (s -c Fi g. 7),  the

electr on nu ic  r o soopy  mt - su i t s  s u g ge st  tha t  t h e  i n t e r — f i b e r  c ont a  ot is the

dominant e f f e c t .

Raman stu d i e s ’ 23 of i o din e  doped  pol y a c  c ’ v i en c  h a v e  r e cen t l y

ident i f ied  the  p t ‘s ence  of — i ;i the  m e t a l l i c  pol y imic  r. l3as od on thi s

obs t’ rvat  ion , the  d om en st ration of stoic hioni  ~-I n c  co mp en s  ati e ii of s o d i u m —

doped fi ln~~ wi th  iodi ii ;; , the  ohs i-va t i o n  th a t  t iod inc  C a t l i  he- pa i - h at l i v

rcnmovcd f ro m  th e  urn i-e h e av i l y — d o p ed fi l imi- ; tl~ roug h ( l ie  u se  of a s u i t a b l e

solvent such as n- p e nt a n c  o i~ by p u m i i i p i  and  ( l i e  a na l ogy  ~v i t h  g i a ph i l t ’

j nte  r c a l , i tj t ’n ,  
2 

~ we  l ) ch i cVe  t he  d o u i n ; t  of (Cli) ra ; ;~i l t s  f r om  ch~ rpe  
-

t r a n s fe r .  Cha r ;’e t u - au ; ; -  I c r  o c cu r S  f r o m pol y m n e  r to a c c e p to r  (A) ~~ tli the

polymne r t- ht -~in ac ting as a ~icil ycatio n i n  the t r e s e n c e  of an  A sp ec ies  ( in

the case of i t - d i n e ,  p r im ar i l y l~~ )_ 1-’ci m a dono r (D), t he  pol ym e r cha in ’;

act a s a poi~ an i o n  in the  p me ~; e i ic  e of sp a ci  e S. The A 
- 

o r fl
+ ion:; r e s ide

bet we en  p O l \ t O t -  r c h a i n:;  a ud / o  i- on the : ;u t  :ia . e of t 1-i e p~~l y :n ’ r fib r~- s. The

chat  r ;tt - t r a n s  fo r me-e d not ii~ - c o n t ; — l e t e .  The re:’ u t l h ; n g  e l e c t r o n  ( o r  b o l e )  on

the ~~ l yn ;o~ c I ; i ~ i ui is w c a b l v  b a u n i  t~ t h e  P ( c i v  - \ )  ion ; ;  by ~hi - (‘~‘;: 1e :- iP

H
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potential, fo rming dono r (o r  accep to r)  s ta tes  in time gap. At low levels ,

thermal ac t iva t ion  out of the bound s ta tes  r e su l t s  in carriers for tran spo rt

along the pol yn-~c r  chain. Above approximate l y 2~ doping, th e bound states

are screened , and the carriers are free to move along the pol ymer chains

resulting in metallic behavior.

In the case of the more reactive halogens, bromine  and chlo rine ,

the situation is evidently more  complicated.  Time doping exper iments

indicate that bromine attacks the T T - sy s t e m  at least  at hi gh concen t r a t i ons

and actuall y adds to the double bonds.  These resul ts  sugges t  that  fo r

optimum t ranspor t  p roper t i es, a dopant should give charg e t r a ns f e r wi th

the A ion (acceptor)  or  D+ ion (dono r) bet~veen  chains hut not involved in

a di rect chemical bond to the pol ymer  chain.  This c h a r g e  t r a n s f e r doping

gives excess c a r r i e r s  wi thout  di s rupt ion  of the  delocal izeci  n - s y s t e m,

thus leading to re la t ive ly hi gh mobi l i ty .  -

In summa ry, we have show n that halogen doped pol yacet ylene f o r m s

a class of conduct ing  pol ym e r s  in which the e lec t r i c al  c o n d u c t i v i t y  can be —

systematical ly and con t inuous l y va ried over  a wide range.  The assoc ia ted

th e rmal act ivat ion e n e r g y  d e c r e a s e s  wi th  h a l o gen  dop ing.  The p r o p e r t ie s

of the hi g h conduc t iv i ty co m p o s i t i o n s  a r e  s u g g est i v e  of m e t al l i c  b e h a v i o r

in which the  t r a n s po r t  i s  l imi ted  by intc  rpa r t i c ie  c o n t a c t  in time polyc r y s ta l l i  ne

£ih-ns. S tudies  of the e f fec t s  of d i f f e r e n t  ha lo  ens have p rov ided  ins i ght  into

the natu re of the doping p r o ce s s  in thi s novel  o rg an i c pol ym er .

Ib i s  w o r k  was su pp O  rb-cl iiv the Of fit~t’ of N av a l  si -ar ch.



1. For a s u m t n t r v  of t h e se  d a t a  and d i - t aj h - d  r e f e r en ce ; ;  see A. A.

Ovchi n i ; i k c i v  S -v .  Ph y;; . U : 1e-khi J ~~
. 5 7~ ( 1973)

2. It .  Shi m . t b - ;w .  , i-h J . Louis , A. G. M a t e  D i ar m id . C. K. Ch i an g ,

and A. 3. lIt - e go r , C i m e u m .  C o m m .  57~ ( 19 7~ )

3. C. K Chiang. C. R. l-’in - - h o  r , J r .  , Y. W. Pa rk , A. J. lli’c ’ger ,

H. Shi i-at Law a - E. 3.  Louis , S. C. Can and --\. C. MacDia m u d ,

Phys. R ev. Leti .  3° , 1O’) $ ( l 0 7 ~~)

4. C. K. Chiang M. A. Druv,  S. C. Can , A. 3. H e eg or , E. J. Louis .

A. 0. M acDia rmi d , Y. \V. Pa i-k , J . Am. Chem. Soc. 100 , 1013

(1978)

5. C. K. Chiang . S. C. Ga o , C. fl. Fincher , Jr .  , V . W .  Pa rk ,

A. C. MacDia rmid and A. S.  licege r, A pp i. Phys. Lett ers (jim p r e s s )

6. M. 1—la tano , S. Kanuba ra , S. Okamuoto , 3. Polym. Sci. Si ,

(1961)

7. D. 3. l~c ret s  and D. S. Smith , T r a n s .  Faraday Soc. ~~~~~~~ S2 3  (19 1-5)

8. H. Shi rzmkawa , T. Ito , S. Ikeda , Die Mac r o m n o l e cu l a  re Chemie

(in press ) -

9. 1-1. Shi r aka\v a , ( P ri v a te  cci r t u i n u n i c a t  i o n ) :  M. O a ta tb i  . A . 3. 1 l o e ge  m.

and A. C. M~ cDiat r i -ui d , t t n p u b l i  shod o hs  e m - v a t i e n s  ( 1 9 7~ )

10. S. C. Can , Y. M at  sunmu ma. M. P m y  anti A. C. MacV ia  m u d ,

to be p u b 1 i s l i -~-d 
-

11. T. Ito , II.  Slil r aLa \ v a and S. Jkeda  , 3. Pol ym . Sal .  Pol ym. (‘hem.

Ed. l~~, I i  ( 19 7-1 ) ;  13,  1’-) -~ -~ (1~?l - )

12. 1-1. Shi ra h-~iv. - .t . 1. I t o  and 5. I h e d a  . Pol ym .  .T . :t . - t A O  (1 9  73);

11. Shi i - a t k a v~ a and 5. lk -d.t , PcI viii. .1. .‘ , ~ 3 1 (1 ‘~ 7 1)

13. A. Pron .  A. C. \ i a e f l i a m - m m i i d  and A.  3. f l oe r.cr , ~~~pul ;~ i~~lied

01)50 r v at i a : ;s  ( I  ‘~) ~A )

14. 11. SImi rai-e i v. -
~~ 

( l~ n v  i t o  c o t u u i m n i  ni c a t i o n )  

~1



~iir 
—~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 

- 
-

15. S. C. Can, V. W. Pa rk , A. 3.. l l c e g er  and A. C. M acDj arm i d ,
unpublished obse rva t ions  ( 19  78)

16. A. A. Bri ght , M. J. Cohen , A. F. Cam -ito ammd A. J. I h - eg c r ,
App i. Phys. Le tt e r s  2ó , 6l~ ( 19 7 S )

17. M. M. Labes , Pu rt ’ App i. Cheiri . I~~, .~75 ( I 9 A A ) ;  s ee  a l so  M .  3.
Cohen , Ph. U. Thesis , Un ive  i - s i t  y of r-’enmi ;;y 1~-ani a , Ph ila .  I ~a.
(1975)

18. F. de la C i-uz and 11. 3. Stn1 t ~~, Sol. St a t e  Comniun .  ~O , 2.1 1 (19 7A );
R. 3. Soulen and I). 13. Ut t on , Sol. S ta te  Commuim . 21 , 105 ( 1 9 7 7 )

19. W. D. Gill , W. Boyc r and C. B. St ree t , Bull. Am. Phys.  Soc. 2~~,
#3, 372 ( 1 9 7 7 )

20. L. B. Coleman , Ph. P. Thesis , Unive r s i ty  of Pennsy lvani a , Phila. ,
Pa. (1975)

21. N. F. Mott , Phil. Mag.  1~~, 835 ( 19 69 1;  N. F. M o t t ,  F~-~- t k ~~rper-
prob lom - im e 9, 2~ ( l 9 A 9 ) :  V. Ambog  roka r , B. 1. Ilal pe rio and .1 . S.
Langcr , Phys.  Rev.  B 4 , 2 A1 2  (19 11)

22. S. L. I l su , A. 3. Signore l l i , C. P. Pc.’~ and Ii. 11. f laog hman ,
3. Cheni. Ph ys. (in p r e s s)

23. II. Simi r akawa and S. Ikeda (to be p u b l i s h e d )

24. Proceed ings  of the  In t o  u - n a t i o n a l  Ccnfc r o nco  on Int o :-ca ia t ion
Compound s of C i-ap I-u t o , M a t .  Sc i . I-~ng.  ~- 1 , (Dec c ;u - b e  r 19 77)



- ~~~~~~~~~~~~~~~~
-
~~~ .1. ’~~’,I - 

~~~~~~~~~~~~~~~~~~~~~~~ L_~~ *~~~ ~~~~~~~~~~~~~~~ * - ~~~~~~~~~ I
-

~~~~ 

. .  - . . -

TABLE 1

Chemical Analysis of Pure and Doped (CI l )
~~~’

C% I-ITo F1a1ogcn °~ Total

1) (CH ) calculated 92. 26 7. 74 100. 00

- cls-(ClI) found 92 . 16 7.81 99 .97

i!~
p
~
_ (CH)

~ 
found 92 .13  7. 75 99. 88

I
calculated 29. 34 2. 46 68. 20 100. 00

2) trans- (CIi !0 ~ 
bf

X found 29.14 2.62 68.26 100.02

calculated 33. 85 3.26 57.89 100.00

3) t rans- (CH13 r ._, ) —

- - O.~ -~~4 X found  38. 89 3. CS 58. 16 100. 10

a! Galbr ai th  Labo r a t o r i e s , Inc .

b/ The de si ~ n at  b r .  “ t r a ns” me fo i-s to the  i some n c  fo rm of U--u ~ (C I I )  em~~l ovod

in the dopi~~- - - - r i m u u e - u i t .  It d a te ; ;  n ot  n e c e s s ar i l y  i ; mu ;~ l y t h a t
— material  has t h e  s a m e ir o t a cr i c c a t m u ;~~os i t i ~~ti as th e  o~-i~~inal (CIII -
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- - Figure C a p t i o ns :  -

Figure 1: Chcr ~u i ca I s t r uc t u r e  of pol y a c e ty lenc ; t h e  ci~; and t r a n s
i sor muer s  are shown.

Figure 2: Elect n eal c o n d u c t i v i t y  ( 4 -p  robe) of t r an s  - (C}1)~ dur i ng
doping react ion w i t h  b r o m i ne .

Figurc 3: Electrical conci-u.:ctivit y (4—p rebat ) of t r an s  _ ( C I l ) y d u r i n g

doping react ion wi tlu i cdi t ie .  The co n d u c t i v i t y  is no r znali cd
to that of the undop cd  samp le.

Figure 4: Electrical c o n du c t i v i t y of h a l o g e n  doped pol yacot y lene  as

a function of b romi no and ~atd no cone emi t r aUon.

Figure 5: Ln~ VS~ 
11~I~ f o r  (Cl-iBm ) w i t h  va rious c o n c e nt r a t i o n s  (y)

of bromine.

Figure 6: m o  vs. “T for (CHt  )~ for  va rious c on c e n t r a t ions (y) of

iodine

Figure 7a: ~‘n c vs. 
1
~T~ 

foi (ClIP r ) w i t h  va r i o u s  c o n c en t r at i o n s  (s— )
of bromine.

Figure 7b: 2n a  vs. 1/T+ f or  ( CI I I  
~~ 

with va rious concentrations (y)

of iodine.

Figure  8: A c t i v a t i o n  coo r~~v of h a log e n  doped p o l v a c  c iv i e n e  as a
f u n c t i o n  of c n n c e n t  m - at i o n .  The : t c t ;\ - a l t o n  cue u-~ ie s  \v er e
obtained f r o m  t h e  s i t - s of the cu i-yes in Figu x~es~~ and 6.

Figure 9: R e s i st iv i t y  of (C !lI~ ) 
- 

p l o t t e d  as ~n p  vs .  over  the

- 
- fu l l  i~mge f r o m - i  ~U O i- . t i~

’ 3 N .

Figure  10: Tempo r ;~tu  re • -n d c u c  e of t h e  no i ~a l i ;~ed c o n d u c t iv i t y
fo r  two L o n c e - u d  r . ui e n s  of  ( C l - il ) .

y x
y - 0 (u n d o n e d )  o • • (be low ~n~- b u l ~~i n s u 1 a t o r  t r a u ; ; i t i a t n )

y 0. 2.1 o o at (abce.-e i - o c t a l — i n s u l a t o r  t i - a n s i t i o : u )

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Li
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